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ABSTRACT 9 
Calcium (Ca) sprays and Ca applications to soil throughout the growing season or Ca solution 10 
dips at post-harvest are widespread practices to supply Ca and decrease bitter pit in apples. 11 
However, published results conflict, and there is no information about the effectiveness of 12 
combining all these treatments. In the present study, the following treatments were assessed 13 
during four growing seasons: early-season (April) Ca soil applications applied 4 times, mid-14 
season (May) CaCl2 sprays applied 7 or 13 times, late-season (June) CaCl2 sprays applied 7 15 
times, and the combination of late-season sprays and soil applications. In addition, post-16 
harvest dips were evaluated in the latter two growing seasons. Notably high bitter pit 17 
incidences were monitored for the first and fourth year of study (>20%), while the second 18 
and third year were almost without incidence. Post-harvest dips mitigated bitter pit incidence 19 
to a greater extent than pre-harvest treatments, and the sprays mitigated bitter pit to a greater 20 
extent than Ca soil applications. The combination of sprays and soil applications did not 21 
improve the results relative to Ca sprays alone. No detectable advantage for starting spray 22 
programmes earlier than June was observed. Our results showed a trend towards reduced 23 
bitter pit with an increasing number of CaCl2 sprays, but this was not clearly an effect of 24 
maximizing fruit Ca. Finally, applying 13 CaCl2 sprays in combination with a Ca solution 25 
dip at post-harvest appeared to be the most effective practice for minimizing the risk of bitter 26 
pit development. 27 
28 




Calcium (Ca) deficiency has been implicated in several disorders fruits, such as bitter pit in 32 
apples (Malus × domestica Borkh) (Casero et al., 2010; Ferguson et al., 1999; Lotze and 33 
Theron, 2007; Peryea et al., 2007). Although bitter pit develops during post-harvest storage, 34 
the underlying process stems from the period of fruit growth and development (Val et al., 35 
2010). Ca supplied during the growing season through spray applications is currently the 36 
most common method of reducing bitter pit and/or increasing the Ca content of fruit. 37 
However, its effectiveness is irregular and can depend on the number of applications, salt 38 
type (nitrate, chloride or others) and period in which it is supplied (Val et al., 2008; Wojcik 39 
and Borowik, 2013; Wooldridge et al., 1998). The general consensus is that no Ca-based 40 
product has consistently shown greater efficacy in reducing bitter pit than CaCl2 (Schönherr, 41 
2001). Nevertheless, there is no general agreement on when is the best time to apply Ca 42 
sprays or on the efficacy of Ca supplied to the roots. Some studies have found that the best 43 
time for Ca sprays is immediately after full bloom, when fruits are small. Early applications 44 
may be advantageous because a less developed cuticle favours the penetration of Ca into the 45 
fruit (Neilsen et al., 2005; Wilsdorf et al., 2012). However, in a great number of studies, Ca 46 
sprays have been most effective in the second half of the fruit growth period (Benavides et 47 
al., 2001; Casero et al., 2010; Lotze et al., 2008; Peryea et al., 2007; Wilsdorf et al., 2012). 48 
According to Casero et al. (2002), starting Ca sprays at 10 days after full bloom (dafb) did 49 
not increase Ca accumulation in apples, while starting at 70 dafb increased the Ca absorption 50 
rate and accumulation in fruit. This effect is thought to occur because Ca is provided mainly 51 
by root absorption during the first period of fruit growth, whereas during the second period 52 
of growth, when fruit Ca absorption is reduced, Ca sprays may be more effective (Casero et 53 
al., 2002). 54 
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In this context, Ca root applications during the first period of fruit growth and Ca sprays 55 
during the second half of fruit growth appear to be the most effective management strategy 56 
for maximizing fruit Ca and minimizing the risk of bitter pit development. Nevertheless, 57 
there are no published reports about the effectiveness of Ca root applications in controlling 58 
bitter pit and very few reports about the effectiveness of combining Ca root applications with 59 
Ca sprays to increase the Ca concentration in fruit. Wilsdorf et al. (2012) evaluated the 60 
contributions of Ca root applications and sprays to increases in the Ca content of fruit. Ca 61 
sprays were more effective than soil Ca applications in increasing Ca in fruit, but the 62 
treatments could not be evaluated with respect to bitter pit because there was no incidence of 63 
the disorder. Although soil Ca application is a common practice and many studies have 64 
evaluated its effects on Ca content in fruits, there are no studies that specifically relate this 65 
practice to bitter pit reduction. 66 
Another technique to control bitter pit in apples is to dip or drench fruit in Ca solutions post-67 
harvest. This technique can also increase the Ca content of fruit and has shown effectiveness 68 
both in decreasing bitter pit and improving fruit quality (Manganaris et al., 2007). Guerra and 69 
Casquero (2010) observed a decrease in bitter pit of 16.7% with a post-harvest Ca treatment 70 
in the ‘Reinette de Canada’ cultivar.  71 
Most of the published works about Ca fertilization have separately evaluated these 72 
approaches (soil application, sprays and dips) and have obtained insufficient results. The 73 
combination of these three practices might improve the efficacy of bitter pit control, but, as 74 
far as we know, there are no up-to-date published studies in which pre-harvest Ca application 75 
to soil, sprays and post-harvest dips have been combined, a strategy that may be the most 76 
effective practice for controlling bitter pit. Taking all these techniques into account, we 77 
investigated the effects of combining Ca applications pre-harvest (using soil and/or sprays) 78 
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and Ca dips post-harvest on ‘Golden Delicious’, a cultivar that is susceptible to bitter pit 79 
(Moscetti et al., 2013). This is the first study combining these approaches to supply Ca to 80 
apples during several consecutive growing seasons. 81 
2. MATERIALS AND METHODS 82 
2.1. Plant material and crop technology 83 
The trial was carried out in an apple tree (Malus domestica Borkh.) orchard of the IRTA 84 
Experimental Station of Lleida (Mollerussa, NE Spain) over four consecutive growing 85 
seasons (from 2007 to 2010). Mature, uniform, ‘Golden Delicious’ trees grafted onto ‘M9’ 86 
rootstock and planted in 1994 at 4  1.4 m spacing (1786 trees/ha) were selected from a bitter 87 
pit-prone orchard. Fertigation was applied through drip irrigation. The interrows were 88 
grassed down, but herbicide strips were kept along the rows. The soil was characterized as a 89 
calcareous loam with excellent drainage characteristics. During the four-year study, trees 90 
were managed according to the guidelines for apple integrated production, including the 91 
application of mineral fertilizers that were estimated to cover the nutrient requirements.  92 
2.2. Treatments 93 
2.2.1. Pre-harvest treatments 94 
Ca root applications were applied during the whole vegetative stage, whereas Ca sprays were 95 
applied during the mid- and/or late fruit growing stages according to each treatment. A total 96 
of 6 pre-harvest treatments were assessed: i) control with no calcium application; ii)  97 
early-season root applications (REarly) consisted of four calcium applications to the soil 98 
through drip irrigation and were performed at full bloom, fruit set, the cell multiplication 99 
phase and the beginning of maturation (CaO total: 6.0 kg ha-1 per season); iii) Ca sprays from 100 
mid-season (F7Mid) consisted of 7 Ca sprays every 12-14 days starting 30 days after full 101 
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bloom (dafb) (CaO total: 5.9 kg ha-1 per season); iv) Ca sprays during late season (F7Late) 102 
consisted of 7 Ca sprays every 5-10 days starting 60 dafb (CaO total: 5.9 kg ha-1 per season); 103 
v) Ca root applications and sprays (REarlyF7Late) consisted of a combination of both REarly and 104 
F7Late treatments (CaO total: 11.9 kg ha
-1 per season); vi) additional mid-stage Ca sprays 105 
(F13Mid) consisted of 13 Ca sprays every 5-10 days starting 30 dafb (CaO total: 11.0 kg ha
-1 106 
per season). 107 
For the Ca root applications, a commercial CaCl2 solution of 15% water-soluble CaO (Timac 108 
Agro, Spain) was used at a rate of 10 L ha-1 per application. For the Ca sprays, a commercial 109 
CaCl2 solution of 16.9% water-soluble CaO (Yara Iberian SA, Spain) was used at 5 L ha
-1 110 
per application. Sprays were applied very early in the morning, when air temperatures were 111 
below 25 ºC, to minimize phytotoxicity, which could cause visible necrosis or marks on fruits 112 
or leaves. A high-pressure handgun sprayer (25 atm) was used at a rate of 1000 L ha-1.  113 
2.2.2. Post-harvest treatment 114 
In each of the four growing seasons, in each elemental plot, 100 fruits of uniform size (70-115 
75 mm in diameter) and without any disorder were picked at commercial harvest and placed 116 
in cold storage at 0 ºC for 90 days. In addition, within 24 h of harvest in 2009 and 2010, 117 
another 100 fruits per elemental plot were dipped into a solution with CaCl2 (15%) for 30 118 
seconds and received a dose of 3.5 L of CaCl2 per 100 L of water. Immediately after, the 119 
dipped fruits were placed in cold storage at 0 ºC. After 90 days in cold storage, all samples 120 
were transferred to room temperature (20-23 ºC) for 7 days, during which time the samples 121 
were evaluated. 122 
2.3. Bitter pit assessment 123 
Bitter pit was evaluated using a category scale with 4 classes of bitter pit depending on the 124 
amount of pitted area (Torres et al., 2015): class 0 demonstrated no bitter pit symptoms; class 125 
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1 demonstrated slight symptoms, with fruit having 1-6 pits on the surface; class 2 126 
demonstrated moderate symptoms, with less than one-third of the surface of the fruit affected 127 
(approximately 7-15 pits per fruit); and class 3 demonstrated severe symptoms, with more 128 
than one-third of the surface of the fruit affected (> 15 pits per fruit). Bitter pit incidence was 129 
calculated as the percentage of apples with at least one pit. In addition, a relative index of 130 




𝑛=1 , where S is the 131 
relative index of bitter pit severity (from 0 to 1), In is the severity class of each apple, N is the 132 
total number of apples assessed, and 3 is the maximum level of severity. 133 
2.4. Fruit calcium content 134 
In 2008, 2009 and 2010, 20 apples per elemental plot were collected at harvest for mineral 135 
analyses. The samples were taken from spurs on 2-year-old shoots. The apples were then 136 
carefully washed, and two longitudinal slices were cut from opposite sides of each fruit, 137 
excluding the cores and seeds. The complete sample from each elemental plot was weighed, 138 
dried, and then re-weighed to determine the percentage of dry mass. The dried tissue of each 139 
sample was wet digested with concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2) 140 
in a microwave oven (Millestone MCR). The Ca content was then determined using 141 
inductively coupled plasma-optical emission spectroscopy (ICP-OES).  142 
2.5. Fruit yield parameters 143 
Every season, all apples from each tree were separately harvested and weighed at commercial 144 
harvest by automatic fruit sorting equipment. The harvest and sampling were carried out 145 
when the starch index of the fruit was 6-7 (starch chart EC-Eurofru 1-10). Finally, for each 146 
treatment and season, fruit yield (kg tree-1), fruit load (number of fruits tree-1) and fruit weight 147 
(g fruit-1) were calculated. 148 
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2.6. Fruit quality parameters 149 
In 2008, 2009 and 2010, 20 apples from each elemental plot, of uniform size and without 150 
bitter pit symptoms, were taken for fruit quality assessments at harvest. The parameters 151 
measured were fruit firmness, starch index, soluble solid content and titratable acidity. 152 
Firmness was measured at two opposite sides on the fruit equator using a digital firmness 153 
tester (Penefel®; Ctifl, France). The starch index was visually measured using the EC-Eurofru 154 
scale (1-10). Soluble solid content (º brix) and titratable acidity (malic acid g L-1) were 155 
determined using the freshly prepared juice of the whole subsample. Soluble solid content 156 
was measured using a digital temperature compensated refractometer (model PR-101, Atago 157 
Co. Tokyo Japan), and titratable acidity (expressed as malic acid) was determined by titrating 158 
10 mL of juice with 1.0 M NaOH to pH 8.2. In the 2009 and 2010 seasons, fruit firmness at 159 
post-harvest was also measured. 160 
2.7. Experimental design and statistical analysis 161 
The experimental design of the trial was a randomized complete block with 4 blocks and 6 162 
elemental plots per block. Each elemental plot consisted of 3 rows of 6 trees, and the 163 
measurements were carried out on the two central trees in the central row of each elemental 164 
plot. 165 
Analyses were performed in SAS 9.2 (SAS Institute Inc., 2009). A two-way ANOVA was 166 
performed with the GLM procedure to test main effects of season and pre-harvest treatments, 167 
and their interaction, on bitter pit and the parameters analysed at harvest. Duncan’s multiple 168 
range tests were used for the mean separation of significant effects and, if pre-harvest 169 
treatment effect from ANOVA models were significant (P < 0.1), single degree of freedom 170 
and polynomial contrast were performed to compare specifics groups of pre-harvest 171 
treatments. Besides, a three-way ANOVA was performed with the GLM procedure to test 172 
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main effects of season, pre-harvest and post-harvest treatments, and their interaction, on bitter 173 
pit and the fruit firmness analysed at post-harvest. 174 
3. RESULTS AND DISCUSSION 175 
3.1. Effect of pre-harvest treatments  176 
3.1. Effect on bitter pit 177 
The two-way ANOVA indicated that bitter pit was strongly related to the season of growth 178 
(Table 1). The incidence of bitter pit was higher than 20% in two seasons (2007 and 2010) 179 
and almost inappreciable in other two seasons (2008 and 2009) (Figure 1). The pre-harvest 180 
treatments also showed a significant effect on bitter pit incidence and severity. The 181 
interaction season × pre-harvest treatment was non-significant. 182 
A contrast confirmed a significant difference between the control and the pre-harvest 183 
treatments. In general, the sprays decreased bitter pit to a greater extent than root applications 184 
(Figure 1). The root applications alone (REarly) did not show a significant decrease of bitter 185 
pit with respect to the control treatment. A contrast confirmed significant differences between 186 
the REarly treatment vs. the sprays treatments (F7Mid, F7Late and F13Mid). The combination of 187 
root applications and sprays (REarlyF7Late) did not bring any significant improvement with 188 
respect to the rest of treatments (Table 2). Considering all these findings, it appears not to be 189 
detectable advantage on bitter pit control as a result of applying Ca through fertigation.  190 
No significant differences were observed between applying 7 and 13 sprays, although the 191 
F13Mid treatment showed a trend towards a lower incidence of bitter pit in comparison to the 192 
other treatments (Figure 1). These results are in agreement with those obtained by Casero et 193 
al. (2010), who did not observed a significant decrease in bitter pit by increasing the number 194 
of applications of CaCl2 from 6 to 12 sprays using similar doses to those used in the present 195 
trial. Lotze et al. (2008) did not obtained either a significant improvement by increasing from 196 
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6 to 8 the number of sprays. Significant differences were neither observed between starting 197 
the sprays at mid-season and at late-season (Table 2). Casero et al. (2002), Peryea et al. 198 
(2007), Lotze et al. (2008), and Lotze and Theron (2007) did not observed either any 199 
improvement by beginning sprays before June. Instead, we observed a trend towards a lower 200 
incidence of bitter pit when the applications were made later in the season. In line with this, 201 
only the F7Late, REarlyF7Late and F13Mid treatments significantly decreased bitter pit severity in 202 
comparison to the control treatment (Figure 1). Thus, our results suggest that increasing the 203 
number of sprays from June until harvest could more effectively minimize the risk of bitter 204 
pit than starting spray programmes earlier. However, not only the number or moment of 205 
applications can be important but also the concentration of CaCl2 in solution. Yuri et al. 206 
(2002) achieved significant efficacy in controlling bitter pit  by carrying out only 6 CaCl2 207 
sprays (an 81% reduction with respect to the control treatment) but with a higher total amount 208 
of CaO per hectare than the amount used in the present study (18 vs. 11 kg CaO ha-1).  209 
3.1.2. Fruit calcium concentration 210 
The Ca content of fruit was significantly different among growing seasons (Table 1). The 211 
highest Ca content was recorded in 2008 (5.1 mg 100 g-1 fw) when it was not observed any 212 
incidence of  bitter pit (Figure 2). On the other hand, no differences in the Ca content were 213 
observed between 2009 and 2010 (3.9 mg 100 g-1 fw) although the bitter pit incidence was 214 
significantly different between these seasons (1% vs. 19%). 215 
There was no clear relationship between Ca content and bitter pit incidence. Generally, a 216 
threshold of 5-6 mg Ca 100 g -1 fw in apples at harvest is required to minimize bitter pit, but 217 
there are many papers reporting the failure of predictions based on this level of Ca content 218 
(Lotze et al., 2008) which is in line with our results. To explain this lack of relationship, some 219 
researchers have suggested that bitter pit is dependent on abnormal Ca partitioning and 220 
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distribution in the cell (Pesis et al., 2010). According to Pavicic et al. (2004), the water-221 
soluble Ca fraction is a more significant factor than the water-insoluble Ca fraction or the 222 
sum of these fractions. De Freitas et al. (2010)  reported that the development of bitter pit is 223 
a complex process that involves not only the total input of Ca into the fruit but also Ca 224 
homeostasis at the cellular level, Ca accumulation into storage organelles and Ca binding to 225 
the cell wall. Some researchers have achieved better results when analysing skin instead of 226 
tissue from fleshy fruit (Amarante et al., 2013; Peryea et al., 2007; Val et al., 2008). Saure 227 
(2014) reported that stress was the main cause of ‘Ca disorders’ in different fruits and 228 
vegetables. Stress increases the production of reactive oxygen species (ROS), which causes 229 
lipid peroxidation and an increase in the leakiness of membranes, leading to the rapid 230 
vacuolation of parenchyma cells and the loss of ions, such as apoplastic Ca. Therefore, in the 231 
context of bitter pit development, the final deficiency of Ca might be considered a result 232 
rather than a cause. Ca applications could increase antioxidant capacity, including the total 233 
content of phenols and ascorbic acid. This effect would explain the efficacy of treatments in 234 
the reduction of bitter pit symptoms. Based on our results, a low Ca concentration in fruit (<4 235 
mg 100 g-1 fw) is not enough to develop bitter pit. Considering the differences observed 236 
between seasons in the present study, it is important for future research to expand the 237 
knowledge on the relationship between weather conditions and bitter pit to  gain a better 238 
understanding of bitter pit triggers. 239 
All Ca treatments led to a significant average increase of 14% in the Ca content of fruit 240 
compared to the control treatment. No interaction effect was found between season and pre-241 
harvest treatments (Table 1). Increasing fruit Ca content was more successfully achieved with 242 
Ca sprays than with root applications. Only the increase in the F7Late and F7Early treatments 243 
was significant in comparison to the control treatment (Figure 2). Advancing the start date of 244 
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sprays, increasing the number of sprays or combining root applications and sprays did not 245 
improve the fruit Ca content (Table 2). Wilsdorf et al. (2012) also observed a greater effect 246 
of sprays in increasing Ca in comparison with root applications. Some research has found 247 
that the Ca reserves from the permanent structure of the trees make an important contribution 248 
to new growth during the period of rapid shoot extension (Himelrick and McDuffie, 1983; 249 
Wilsdorf et al., 2012). Along these lines, Wilsdorf et al. (2012) observed that root 250 
applications in the previous season, after harvest, were more efficient than root applications 251 
during the growing season. We should note that our study was carried out on calcareous soil, 252 
and thus, there were high levels of Ca in the soil. However, in most of the growing season, 253 
the Ca concentration in fruit is lower than the minimum Ca requirement to avoid the risk of 254 
bitter pit (5-6 mg 100 g -1 fw) (Johnson et al., 1987; von Bennewitz et al., 2015). Leaves do 255 
not experience such a low Ca concentration, possibly because water and mineral moves from 256 
roots to leaves via xylem through transpiration and the leaves have a higher transpiration rate 257 
than the fruits. Therefore, under the conditions of our study (calcareous soil and/or high 258 
temperatures), fruit sprays appeared to be the most effective practice for maximizing fruit 259 
Ca.  260 
3.1.3. Fruit yield parameters 261 
The pre-harvest Ca treatment did not affect fruit yield parameters. Contrariwise, there was a 262 
significant effect of growing season (Table 1). The 2007 and 2010 seasons, which had the 263 
lowest fruit yield, also had the highest incidences of bitter pit. Therefore, the fruit yield may 264 
affect bitter pit incidence, but we did not observe a statistically significant relationship 265 
between fruit yield and bitter pit incidence (data not shown). In general, heavy crop load 266 
relates toes a lower incidence of bitter pit (Ferguson and Triggs, 1990). A possible 267 
explanation for the higher bitter pit incidence observed in trees with light crops is that such 268 
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trees have a higher proportion of large fruits (Schumacher et al., 1980). Large fruits generally 269 
have lower Ca concentrations and a higher risk of bitter pit than small fruits (Peryea et al., 270 
2007). Nevertheless, our results showed higher Ca concentration in the season with the 271 
largest fruits and a higher incidence of bitter pit in the seasons when fruit were smaller. 272 
Generally, trees with lower crop load provide larger fruits (Corollaro et al., 2015; Delong et 273 
al., 2006), but this did not occur in 2007 and 2010 (Figure 3). In both growing seasons, there 274 
were more cloudy days and days with cooler temperatures during the bloom period. These 275 
conditions may have resulted in poor pollination and, consequently, a decrease in crop load 276 
and poor quality of set fruit, as poor pollination leads to the development of fewer seeds (De 277 
Freitas et al., 2015) . Bramlage et al. (1990) and Buccheri and Di Vaio (Buccheri and Di 278 
Vaio, 2004) showed a negative relationship between the number of seeds and the incidence 279 
of bitter pit; unfortunately, we did not count the number of seeds for this purpose. 280 
3.1.4. Fruit quality parameters 281 
All tested fruit quality parameters were significantly different among growing seasons. The 282 
starch index was significantly higher in 2008 and 2010 than in 2009 (Figure 4). Most reports 283 
have shown that, in general, bitter pit is more severe in early-picked than in later-picked apple 284 
fruit (Delong et al., 2006; Ferguson et al., 1999). However, we found no consistent effect of 285 
fruit maturity on the incidence of bitter pit. The sugar content was significantly lower in 2009 286 
than in 2008 or 2010 as expected, according to the results of starch index. Generally, sugar 287 
content in fruits tends to increase with maturation due to the hydrolysis of starch. The highest 288 
content of  malic acid content was observed in 2008, whereas the lowest content was 289 
observed in 2010. In 2010, fruit firmness was significantly higher than in 2008 and 2009 and 290 
no consistent relation could be established between fruit firmness and starch index (Figure 291 
5).  292 
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The pre-harvest Ca treatment did not affect any fruit quality parameter. According to other 293 
authors, the application of Ca might delay the changes associated with ripening and 294 
senescence in fruits (Beavers et al., 1994; Fallahi et al., 1997; Mason and Drought, 1975; 295 
Vicente et al., 2007). Therefore, applications of Ca can decrease the sugar content and 296 
increase starch index in apples by slowing senescence.  In the same way, Ca treatments can 297 
increase acidity in fruit and/or affect perception of fruit flavour compounds (El Hadi et al., 298 
2013; Recasens et al., 2004) and, consequently, affect in sensorial acceptability.  299 
The relationship between fruit Ca concentration and fruit firmness is well documented (Glenn 300 
and Poovaiah, 1990; Vicente et al., 2007). However, in 2008, fruit firmness was significantly 301 
lower than in 2010 and 2009, and fruit had a significantly higher Ca content.  There are many 302 
papers reporting the failure of Ca applications to increase or keep fruit firmness (Dris and 303 
Niskanen, 1999; Glenn and Poovaiah, 1990; Recasens et al., 2004). Casero et al. (2010), 304 
when applying similar amounts of Ca to the amounts applied in the present study, achieved 305 
an increase in fruit firmness at harvest only in one out of three growing seasons. The Ca 306 
application rate may play an important role. In accordance with this hypothesis, Weis et al. 307 
(1980) and Wojcik et al. (2001) obtained significant effects on fruit firmness by applying 308 
68% and 50% more Ca, respectively, than in the present study, but damage to apple skin was 309 
observed.  310 
Based on our results, there are likely factors other than minerals that affect the physiological 311 
and biochemical changes that take place during fruit development. However, little is known 312 
about the contributions of pre-harvest factors to fruit quality. 313 
3.2. Effect of post-harvest treatment  314 
3.2.1. Effect on bitter pit 315 
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Dipping in CaCl2 solution significantly decreased the incidence and severity of bitter pit 316 
(Table 3). Globally, dips at post-harvest showed a higher efficacy in decreasing bitter pit 317 
incidence and severity relative than the pre-harvest treatments. No interaction between Ca 318 
applications at pre-harvest × dips at post-harvest was observed. Therefore, the pre-harvest 319 
treatments F7Late and F13Mid might contribute to improve the effectiveness of the dips like 320 
when there was no treatment at post-harvest.  321 
There was a significant interaction between season × dips at post-harvest since the effect of 322 
dips was higher in the season with higher incidence of bitter pit (Figure 6). In 2010, the 323 
growing season with higher bitter pit incidence, the dips significantly decreased the incidence 324 
and severity of bitter pit whereas no significant effect was observed in 2009, the growing 325 
season with low bitter pit. An effective prediction even close to harvest time could help to 326 
packing houses to decide whether to use CaCl2 dips, which would mean an important saving 327 
(Torres et al., 2015). 328 
Other researchers have also reported significant effects of Ca dips in decreasing bitter pit. 329 
Mignani et al. (1983), and more recently Guerra and Casquero (2010) and Guerra et al. 330 
(2011), obtained a reduction of 17%, but they did not compare their results with Ca applied 331 
in pre-harvest treatments. As the first example of a combination of pre-harvest treatments 332 
and post-harvest dips, our results showed that spraying later in the season, especially with a 333 
high number of sprays, in combination with dips at post-harvest, was the most effective 334 
approach to mitigate bitter pit, with a reduction of 30% with respect to the untreated control.  335 
3.2.1. Effect on fruit firmness 336 
As expected, the firmness of apples decreased during storage. Significant differences were 337 
observed between seasons (Table 3). Fruit firmness at harvest and post-harvest was 338 
significantly lower in 2009 than in 2010 (Figure 7). There are likely pre-harvest factors other 339 
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than fruit Ca content that affect the physiological and biochemical changes that take place 340 
during storage. Some research has found that the regulation of water transpiration from ripe 341 
fruits may represent an important strategy to prolong fruit firmness (Vicente et al., 2007). 342 
Neither pre-harvest nor post-harvest treatments had an effect on retention of fruit firmness 343 
during storage (Table 3). Casero et al. (2010) did not either retain the firmness of apples 344 
during storage when applying at pre-harvest similar amounts of Ca to the amounts applied in 345 
the present study. The CaCl2 concentration application rate and dipping duration may play 346 
an important role in the post-harvest dips. Ibadullah et al. (2016) found that the higher these 347 
parameters, the firmer the apples were. Besides, they observed a significant effect of dips on 348 
other quality parameters, such as ascorbic acid or weight loss. According to the authors, the 349 
retention of firmness can be attributed to the formation of Ca pectate, which leads to 350 
increased rigidity of the cell wall and improved turgor pressure. In the present study, the Ca 351 
concentration and the dipping duration were equal and lower, respectively, than the lowest 352 
rates using by Ibadullah et al. (2016). Our results showed that dips into a 3.5% CaCl2 solution 353 
for a period of 30 seconds is enough to significantly reduce the bitter pit incidence in seasons 354 
with high incidence, but with no effect on fruit firmness. It is therefore important for future 355 
research to investigate how dipping duration can affect fruit quality parameters during post-356 
harvest storage of fruits.  357 
4. CONCLUSIONS 358 
Although the literature concerning calcium application is extensive, there are very few works 359 
dealing with the combination of different techniques for applying Ca to reduce bitter pit and 360 
increase fruit Ca content, and no previous studies have combined the three main techniques 361 
of root applications, sprays and dips at post-harvest. In this work, these three practices were 362 
tested during four consecutive years. Year had more influence on tested parameters than Ca 363 
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application. This finding highlights the need to increase our knowledge of the effects of 364 
environmental factors on the triggering of bitter pit, the maturation and development of fruits. 365 
However, Ca applications had a significant effect on bitter pit and on Ca concentration in 366 
fruit. When the different techniques were compared globally, Ca dips at post-harvest 367 
decreased bitter pit to a greater extent than pre-harvest treatments (sprays or root 368 
applications). No interaction was observed between the pre- and post-harvest treatments. 369 
Regarding the pre-harvest treatments, sprays decreased bitter pit and increased Ca content in 370 
fruit to a greater extent than root applications. Combining root applications and sprays did 371 
not provide an improvement with respect to sprays alone. Increasing the number of sprays or 372 
applying closer to harvest resulted in an improvement in bitter pit control, but they did not 373 
lead to an increase in fruit Ca content in fruit with respect to earlier sprays.  Neither pre-374 
harvest treatments nor post-harvest treatments had an effect on fruit quality parameters. From 375 
our findings, we concluded that increasing the number of sprays that occurred closer to 376 
harvest can improve bitter pit control and that their combination with dips at post-harvest 377 
results in the most efficient way to reduce the bitter pit incidence. 378 
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FIGURES AND TABLES 382 
Table 1. P-values from two-way ANOVA of factors season and pre-harvest Ca 383 
applications, and its interaction, on bitter pit incidence and severity and on the 384 
parameters analysed at harvest (Ca concentration in fruit, number of fruit per tree, kg 385 
tree-1, fruit weight, starch index, acidity sugar content and fruit firmness). 386 
NS indicates P-value > 0.1.  387 
Factor Season Pre-harvest treatment Season × Pre-harvest treat. 
Bitter pit incidence <.0001 0.0651 NS 
Bitter pit severity <.0001 0.0156 NS 
Ca concentration <.0001 0.0624 NS 
No. fruits per tree <.0001 NS NS 
Fruit yield <.0001 NS NS 
Fruit weight <.0001 NS NS 
Starch index <.0001 NS NS 
Acidity <.0001 NS NS 
Sugar content <.0001 NS NS 
Firmness harvest <.0001 NS NS 





Figure 1. Mean value of bitter pit incidence (left) and relative index of severity (right) 391 
for each season (above) and pre-harvest treatment (below). 392 
Columns not sharing the same letter indicate significant differences according to the Duncan 393 
test (P = 0.05). Error bars indicate the standard error of the mean. 394 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 395 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 396 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 397 
of both RE and F7L treatments. 398 




























































































































Table 2. P-values of the contrasts to compare specific groups from pre-harvest 400 
treatments on parameters bitter pit incidence, bitter pit severity and Ca concentration 401 
in fruit (parameters with significant effect according the two-away ANOVA). 402 







content in fruit 
Control vs.  
Ca-treatments (RE, F7M, F7L, F13M 
and REF7L) 
0.0138 0.0022 0.0097 
Root  (RE) vs. 
sprays (F7M, F7L and F13M) 
0.0909 0.1068 0.0977 
Mid (F7M) vs. 
late-season (F7L) 
NS NS NS 
13 (F13M) vs. 
7 Ca sprays (F7M and F7L) 
NS NS NS 
Combination (REF7L) vs. 
separately (RE and F7L) 
NS NS NS 
  404 
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  405 
Figure 2. Mean value of calcium content in fruit for each season (left) and pre-harvest 406 
treatment (right). 407 
Columns not sharing the same letter indicate significant differences according to the Duncan 408 
test (P = 0.05). Error bars indicate the standard error of the mean. 409 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 410 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 411 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 412 
of both RE and F7L treatments. 413 

























































  415 
  416 
  417 
Figure 3. Mean value of number of fruit per tree (above), fruit yield (center) and fruit 418 
weight (below), for each season (left) and pre-harvest treatment (right). 419 
Columns not sharing the same letter indicate significant differences according to the Duncan 420 
test (P = 0.05). Error bars indicate the standard error of the mean. 421 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 422 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 423 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 424 

































































































































Table 3. P-values from three-way ANOVA of factors season, pre-harvest and post-426 
harvest treatment, and its interaction, on bitter pit incidence and severity and fruit 427 
firmness at post-harvest. 428 
NS indicates the P-value > 0.1.  429 
Factor Bitter pit incidence Bitter pit severity Firmness post-harvest 
Season <.0001 <.0001 <.0001 
Pre-harvest 0.0737 0.0337 NS 
Season × Pre-harvest NS NS NS 
Post-harvest <.0001 <.0001 NS 
Season × Post-harvest <.0001 <.0001 NS 
Pre- × Post-harvest NS NS NS 
Season × Pre- × Post-harvest NS NS NS 




Figure 4. Mean value of number of starch index (above) and fruit firmness (below), for 433 
each season (left) and pre-harvest treatment (right). 434 
Columns not sharing the same letter indicate significant differences according to the Duncan 435 
test (P = 0.05). Error bars indicate the standard error of the mean. 436 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 437 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 438 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 439 











































































































Figure 5. Mean value of number of soluble solid (above) and malic acid (below) content 443 
in fruit, for each season (left) and pre-harvest treatment (right). 444 
Columns not sharing the same letter indicate significant differences according to the Duncan 445 
test (P = 0.05). Error bars indicate the standard error of the mean. 446 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 447 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 448 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 449 















































































































Figure 6. Interaction effect of season × post-harvest treatments on bitter pit incidence 452 
(left) and relative severity index (right). 453 
The asterisk denotes a significant difference between the two treatments (ANOVA, P < 454 
0.001). The error bars represent the standard error of the mean. Error bars indicate the 455 




























































Figure 7. Mean value of fruit firmness at post-harvest for each season (above), pre-460 
harvest treatments (centre) and pre-harvest treatments (below). 461 
The asterisk denotes a significant difference between the two seasons (ANOVA, P < 0.001). 462 
Error bars indicate the standard error of the mean. 463 
RE: early-season root applications; F7M: 7 Ca sprays from mid-season (every 12-14 days 464 
starting 30 dafb); F7L: 7 Ca sprays during late season (every 5-10 days starting 60 dafb); 465 
F13M: 13 Ca sprays from mid-season (every 5-10 days starting 30 dafb); REF7L: combination 466 
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